The influence of pressure on elastic, piezoelectric (total and clamped-ion contribution), dielectric constants, Infrared and Raman spectra, and topological properties of ZnO wurtzite structure was carried out via periodic DFT/B3LYP methodology. The computational simulation indicated that, as the pressure increases, the structure becomes more rigid and an enhancement of the direct piezoelectric response along the z-direction was observed. Bader topological analysis and Hirshfeld-I charges showed a slight increase in the ionic character of Zn-O bond. Besides that, changes in the piezoelectric response are mainly due to the approach between Zn and O than to charge transfer phenomena among the two atoms. Pressure induces a sensitive displacement in the Infrared and Raman frequencies and a decrease of the E 2 mode. Nevertheless, the increase of pressure does not lead to a change in the semiconductor character, which proves that the ZnO support high pressures and can be applied in different devices.
Introduction
Zinc Oxide (ZnO) is a typical II-VI type semiconductor mainly found in the hexagonal wurtzite (W) structure. This phase has a direct band gap ($3.37 eV) [1] and the highest piezoelectric tensor among the tetrahedral bonded semiconductors [2] . Its properties are extremely important in energy harvesting, particularly in photovoltaics [3] [4] [5] [6] [7] , piezoelectric nanogenerators [8] [9] [10] [11] , hydrogen fuel generation [12] , thin film piezoelectric devices [13] , such as bulk acoustic wave and surface acoustic wave resonators, filters, sensors, and microelectromechanical systems. This material has received great attention from both the theoretical [14] [15] [16] [17] and experimental [13] [14] [15] [16] [17] [18] point of view due to its immense variety of applications which mostly exploit its piezoelectric properties.
Kumar and Kim [19] report on several applications and researches on nanostructures based on ZnO due to its high piezoelectric character, such as solar energy harvesting, dye-sensitized solar cells, bulk hetero-junction organic solar cells, and others.
Catti et al. [14] analyzed the elastic and piezoelectric constants of W-ZnO and W-ZnS and showed that the piezoelectric constants of ZnO are always much higher than those of ZnS as a result of two properties (i) the relaxation coefficient which is smaller in ZnO and (ii) the unit-cell edge is larger for ZnS.
Parallel to the piezoelectric constants, the study of elastic properties as stiffness, Young's and bulk modulus and yield strength has drawn the attention of the scientific community motivated by their direct relationship with piezoelectricity and possible applications resulting from the understanding of chemical bonds and cohesion within a material.
ZnO elastic and piezoelectric constants have been studied relating to temperature [20] , with different theoretical methods [16, 21, 22] and results have been compared with that obtained from other piezoelectric materials [23] . Moreover, there are many works about ZnO structural, electrical and vibrational properties and performances as a function of pressure [24] [25] [26] . However, as far as we know, there are no studies about the influence of pressure on elastic, piezoelectric and dielectric constants.
Accordingly to that, a computational study is carried out based on density functional theory (DFT) applied to a periodic model of the W-ZnO crystal in order to investigate the influence of pressure on total and clamped-ion contributions to the, elastic and piezoelectric constants, dielectric constants, electronic structure and on the Infrared (IR) and Raman spectra. In particular, changes in the electron density, q(r), were monitored through the analysis of topological properties according to QTAIMAC [27, 28] and Hirshfeld-I [29] charges were also calculated for the first time using the CRYSTAL program.
Models and computational methods

Computational method
The calculations were performed at the periodic DFT level, adopting the B3LYP [30, 31] hybrid functional as implemented in the CRYSTAL14 software [32] . CRYSTAL uses a Gaussian-type basis set to represent crystalline orbitals as a linear combination of Bloch functions defined in terms of local functions (atomic orbitals). The zinc and oxygen atoms were described by all-electrons 86-411d31G [33] and 8-411d1G [34] basis sets respectively, which have been used in previous investigations [35] [36] [37] and have provided the best approximation to the experimental band gap energy, lattice and internal parameters.
DFT integration was performed on an extra-extra-large grid [38] containing 99 radial points and 1454 angular points, respectively. The accuracy of the truncation criteria for bi-electronic integrals is controlled by a set of five thresholds whose values were set to: 10 À8 , 10
À8
, 10
À8 and 10
À16
. The shrinking factor for both the Pack-Monkhorst and Gilat net was set to 4, corresponding to 12 independent k points in the irreducible part of the Brillouin zone.
All structures were optimized by the use of analytical energy gradients with respect to atomic coordinates and unit cell parameters. Convergence was checked on gradient components and nuclear displacements with tolerances on their root mean square set to 0.0003 and 0.0012 a.u., respectively.
The electronic properties were analyzed by computing the total (DOS), projected density of states (PDOS) and the band structure diagrams. The shift of the IR and Raman frequencies under pressure were also studied. The vibrational frequencies at the C point were computed within the harmonic approximation by diagonalizing the mass-weighted Hessian matrix of the second derivatives of the total energy per cell with respect to pair of atomic displacements in the reference cell. More details on the computational vibrational frequencies scheme can be found in [39] .
The topological analysis of q(r) was done with the TOPOND code [40] especially suited for crystalline systems [28] and recently incorporated in the CRYSTAL14 package. The theoretical details can be found in articles expressly devoted to the topological analysis [41, 42] . This work focused on the determination and characterization of the bond critical points (BCP) corresponding to (3,À1) points in the Bader notation, of the charge density in order to envisage the effect of pressure on the Zn-O interaction.
Bader and Hirshfeld-I [29] methods perform a partition of the physical observable electron density to define atoms in molecules and crystals and consequently determine their charge. Bader's QTAIM defines atomic basins as those surrounded by zero-flux surfaces and q(r) is integrated within these regions with an accuracy controlled by few input parameters. The stockholders partition by Hirshfeld dissects the system into well-defined atomic fragment and the integration of q(r) is weighted according to a general and natural choice that is to share the charge density at each point among several atoms in proportion to their free-atom densities, at the corresponding distances from the nuclei [38] . The Hirshfeld-I method, which has renewed the interest in the original Hirshfeld scheme [43] , eliminates the need of calculating the promolecular density by replacing them with spherical symmetric weight functions, optimized through an iterative procedure. Its extension to periodic systems has been recently implemented [44] in the development version of the CRYSTAL program.
Elastic and piezoelectric constants
Elastic constants are the second derivatives of the total energy, E, with respect to the strain along two crystallographic directions:
in the formula above, V is the equilibrium unit cell volume, l u and l v are the components of the symmetric second-rank pure strain tensor [45] and Voigt's notation is used according to which u, v = 1, 2, . . .,6 (1 = xx, 2 = yy, 3 = zz, 4 = yz, 5 = xz, 6 = xy). In the CRYS-TAL package, an automated scheme was implemented for the calculation of C and its compliance tensor, S ¼ C À1 , that exploits the analytical gradients and computes the second derivatives numerically [22, 46] . In the linear regime of the response theory, direct (e) and converse (d) piezoelectric tensors describe the polarization (P) induced by strain (l) at constant electric field ðeÞ and the strain induced by an external electric field at constant stress ðrÞ, respectively:
The computational approach consists in directly computing the intensity of the polarization induced by the strain, so that each piezoelectric stress coefficients can be written as:
in the above expression i = x, y or z and the derivative is calculated at constant electric field. In the present work, the polarization was computed via Berry phase (BP) approach [47] as implemented in CRYSTAL [21] and according to Eq. (4) can be recasted in terms of the BP fu l g:
where a li is the ith Cartesian component of the lth direct lattice basis vector a l and the derivative is calculated numerically by applying finite strains to the crystal lattice. Finally, a simple connection exists between the direct and converse piezoelectric tensors:
that can be exploited to computed d. The macroscopic piezoelectric constants can be separated in two components: electronic ''clamped-ion" and nuclear ''internal strain" contributions, i.e., e iv ¼ e clamp iv þ e nuclear iv . The nuclear term measures the piezoelectric effect due to an internal microscopic strain [48] . For details about the numerical accuracy of elastic and piezoelectric calculations with the CRYSTAL program, see references [14, 22] and [49] .
ZnO structure
The ZnO structure belongs to the point group P6 3 mc, with a Bravais lattice (a = 3.250 Å and c = 5.207 Å, u = 0.382) [50] . The unit cell has two units of ZnO, with a [ZnO 4 ] tetrahedron depicted as alternating planes of tetrahedrally coordinated oxygen and Zn atoms, stacked alternatively along the c-axis (see reference [51] ). Its spectrum is characterized by 2E 2 + 2E 1 + 2A + 2B 1 , where the E 1 , E 2 , and A modes are active in Raman scattering and the E 1 and A 1 modes are active in IR. B 1 are ''silent modes" [52] .
In this structure, there are five elastic constants, C 11 , C 12 , C 13 , C 33 and C 44 (see Ref. [53] ) and three independent non-zero piezoelectric stress coefficients, e 31 , e 33 and e 15 . The elastic constants can be further divided into two groups: diagonal terms (directly related to the second derivative of the energy, independent constant) represented by the constants C 11 , C 33 and C 44 , and off-diagonal terms (the second derivative is obtained by deformation of two terms; dependent constant) represented by C 12 and C 13 .
The elastic constants C 44 affects all unit cell parameters and then can be interpreted as a shear constant corresponding to the transversal mode in direction [0 0 0 1] and [1 0 0 0]. C 13 is the combination of four velocity modes of propagation in [0 0 1 1] .
The CRYSTAL code calculated the bulk modulus through a linear combination of elastic constants, B ¼ 1 9
. For more details see references [22, 53] and [54] .
Results and discussions
Structural properties
The cell (a and c) and internal (u) optimized parameters are in good agreement with available experimental data, [50, 55] with a deviation of 0.57%, 0.20%, and 0.26%, respectively, see Table 1 . It is noteworthy that, at room temperature, the transition phase of wutzite to rocksalt is observed near 9 GPa [25] , however, the rocksalt stability phase is up to 56.6 GPa [56] . Therefore, different pressures, ranging from zero to 12.5 GPa (P = 0.0, 2.5, 5.0, 7.5, 10.0, 12.5 GPa) were applied on the optimized zero-pressure structure and for each of them a symmetry constrained geometry relaxation was performed.
Elastic and piezoelectric constants were determined for each equilibrium geometry under pressure. The structural parameters, volume, elastic constants and band gap energy results are summarized in Table 1 and the linear dependency of the various quantities as a function of pressure are presented in Fig. 1 . As a general comment, the cell parameter a and c are more sensitive to the deformation than the internal parameter u (Fig. 1a) .
The ratio c/a = 1.597 at 0 GPa is the same calculated at 7.5 GPa and 12.5 GPa and it is 0.004 and 0.036 lower than that of the experimental [50] and ideal structure, respectively, and this demonstrates that the symmetry is maintained during the loading process. Both the cell parameters reduce linearly in function of pressure with a decrease of 0.08 Å (À2.44%) and 0.13 Å (À2.48%) respectively in the crystal at 12.5 GPa. As a consequence, the cell volume contracts 4.49% at 7.5 GPa and 6.99% at 12.5 GPa. The internal parameter u shows an opposite trend with an increase of the $0.26% at the maximum pressure.
Elastic constants
At 0 GPa, the calculated elastic constants are in good agreement with experimental and theoretical literature values, as can be seen in Table 1 . Differences are in the order of 4.81%, 4.20%, 1.92%, 3.72%, À2.22% and 3.49% for C 11 , C 12 , C 13 , C 33 , C 44 and bulk modulus, respectively, from the experimental data [57] . Therefore, this computational setup is able to reproduce, with good precision, the structural parameter and to properly estimate the forces acting on the system.
As regards W-ZnO elastic properties, total and clamped-ion, the high value of C 33 zzzz indicates that the structure is more rigid along the z-direction, whereas along the C 44 yzyz and C 13 xxzz directions the crystal is softer. Furthermore, the zinc along to the z-direction is most symmetry-constrained than the oxygen atoms, while both atoms can be moved easier in the yz and xz planes.
As the pressure is applied, the relaxed elastic constants C 11 , C 12 , C 13 and C 33 showed a linear increase (Fig. 1b) which leads to a more rigid structure, as confirmed by the increment of the bulk modulus. On the contrary, the elastic constant C 44 presents an opposite behavior indicating that the structure is the softest and tends to shear in that direction. In the pressure range near the experimental phase transition [56] , the variations for C 11 , C 12 , C 13 , C 33 , and C 44 are the following: 11.01%, 29.03%, 33.02%, 9.42% and À11.36% at 7.5 GPa and 13.76%, 37.90%, 45.28%, 12.10% and À13.63% at 10.0 GPa. Thus, the maximum change occurs for the C 13 and C 12 constants and the minimum for the C 44 constant.
Under pressure, all clamped-ion elastic constants demonstrated an increase behavior. The C 11 , C 33 and C 44 show an increase in their Table 1 Cell (a and c, Å) and internal parameter (u), volume (V, Å 3 ), elastic constants (C ij , GPa), bulk modulus (B, GPa), and band gap energy (E gap , eV) of W-ZnO without and under pressure (P, GPa) to the total and electronic clamped-ion contribution. [50] . b [57] . c [58] . d [56] . f [14] . g [59] . h [17] .
values with respect to the total elastic constants, in average, 37.8%, 46.2% and 58%, respectively; while the C 12 and C 13 presented a decrease of 31.8% and 63.5%, respectively. However, besides the differences between the total and clamped-ion, the bulk modulus values kept almost unchanged. At 12.5 GPa, the elastic constants present a variation of 39, 59, 58, 32, and -8 GPa, for C 11 , C 12 , C 13 , C 33 , and C 44 , respectively. This trend shows that the C 12 and C 13 constants are the most influenced by the applied pressure and that along their directions the oxide exhibits a stronger resistance to strain. On the other hand, C 44 reveals a contrary behavior and its value is almost unaffected by pressure.
These same results were obtained by Wang and Ya-Pu [60] , using DFT with local (LDA) and gradient-corrected (GGA) functionals as implemented in the CASTEP package, for pressures ranging from 0 to 10 GPa (increment of 2 GPa). They evaluated the cell and internal parameters and also the elastic constants. They likewise showed all elastic constants increase with the pressure, except the C 44 . Comparing LDA with GGA, the constants calculated with LDA are larger than with GGA. Our values are in better agreement with the experimental data than their results at 0 GPa, and this confirms the dependability of the method applied in the present work. 
Piezoelectric constants
The direct and converse piezoelectric constants of total and clamped-ion contribution are shown in Table 2 W-ZnO can be easily polarized along the z-direction as the structure is strained along that same direction, i.e. the e 33 zzz coefficient is the biggest one. A minor induced polarization occurs along yz as the strain is applied along yz, n yz (e 15 ). In contrast, the major converse piezoelectric response occurs when the electric field is applied along the yz-direction which leads to a strain in the same direction (d 15 ) while the minor converse piezoelectric response occurs along xz (d 31 ). Interesting enough, in the ZnO crystal the major piezoelectric response occurs along the most rigid direction. Similar results are reported in previous experimental [57, 61] and theoretical studies [14] .
The respectively. This difference between the total and clamped-ion constants proves that there is a effect of nuclear relaxation in piezoelectric response.
The overall pressure effect on the piezoelectric properties of WZnO is that: (i) ZnO structure becomes more rigid along the z-direction, (ii) the direct piezoelectric response is enhanced along this direction and (iii) the converse parameters are more affected by pressure than the direct quantities.
Topological analyses
The analysis of the topological properties of q(r) at the bond critical point (BCP) can provide important information on the pressure effects on the bonding framework. The changes in q(r), its Laplacian, the virial and kinetic energy density at the BCP, occurring as the pressure increases, are reported in Table 3 . Zn-O interaction was already classified as a ''transit" type, neither ionic nor covalent [36] , and its character does not change as a function of the loading. As in the case of the geometrical structure, deformations in the charge density are small and do not alter significantly the bonding nature. Nevertheless, a general trend can be envisaged; on one side, q(r) and the local energy density increases as an effect of Zn-O distance reduction but, on the other side, the |V|/G ratio decreases and the positive Laplacian increases and these small changes support the hypothesis of a more ionic interplay among the two atoms.
The ellipticity (e) highlights the shape of the bonds and, under pressure, their directionality tends to zero in proximity of the BCP, which it is compatible with a poor directional interaction such as the case of ionic systems.
As regard the atomic charges, Bader analysis provides data approximately 78% higher than those obtained with the Hirshfeld-I approach. Nevertheless, despite the bad agreement on the absolute values, both QTAIMC and Hirshfeld-I show an increase in the charge transfer from the zinc to the oxygen atom, as a function of pressure and the ''stockholder" method results more sensitive. All these features support the hypothesis of a slightly more ionic character of the Zn-O bond under pressure.
In Fig. 2 , it is reported the difference between the charge density of the W-ZnO crystal and the isolated atoms, in the plane containing one of the Zn-O bond. As can be seen in Fig. 2 , the increase of pressure did not show a significant disturbs on density charge density, which was confirmed by Bader and Hirshfeld-I charges (Table 3) of Zn and O atoms (in absolute values, the positive zinc charge and negative oxygen charge have the same charge value). In percentage, the variations of Zn and O charges are very small when compared with the corresponding variation in bond lengths. Therefore, it can be concluded that the piezoelectricity is more influenced by the shortening of the Zn-O bond, caused by the pressure, than by the charges transfer.
Electronic properties
In order to understand the influence of pressure on the electronic structure, band structure (Fig. 3) and DOS (Fig. 4) at 12.5 GPa were plotted and compared with their analogous for the Table 2 Direct (e) and converse (d) piezoelectric constants of ZnO, in function of pressure, to the total and clamped-ion contribution. [58] . b [57, 60] . c [14] . uncompressed system. In order to easily compare, the zero of the energy was set in accordance with the top of valence band of the crystal at 0 GPa. The band structure and DOS for other pressures are reported in Figs. S1 and S2.
According to Table 1 , the E gap presents an increase of 5.92% at 12.5GPa, with respect to its value at 0 GPa. Besides this, the band structure (Fig. 3) is not significantly altered by the pressure, the main features keep unchanged as well as the direct band gap at C-point. On the contrary, the analysis of DOS (Fig. 4) shows the increase of Zn e O atoms contributions at valence band, especially of the 3d orbitals of Zn atoms; while at conduct band the contribution had almost the same behavior near the band gap region, presenting an increase in both contributions at inner conduct bands. The contribution of O atoms is maintained near the band gap region and intensified at inner valence band, given that the major contributor is 2p orbitals at valence band. Nevertheless, the general contribution of the oxygen and zinc orbitals is kept, with major contribution of 2p x p y of oxygen at valence band, 3d yz of zinc atoms at inner valence band and s orbitals of zinc at conduct band in band gap region.
Vibrational properties
Finally, the IR and Raman spectra of the zinc oxide under pressure are calculated and shown in Fig. 5 . The IR and Raman phonon modes, evaluated at 0 GPa and reported in Table 4 for sake of clarity, are in rather good agreement with literature data.
The A mode, active both in IR and Raman spectroscopy, is reproduced with amazing precision as well as the E 1 , whose frequency is close to the experimental one but seems absent in the zero pressure structure due to its low intensity.
The discussion of the spectroscopic features deserves some attention. As already stated, the CRYSTAL code keeps the symmetry . The opposite trend is evaluated for the A and E 1 modes: their intensity increases linearly with pressure and the corresponding peaks are up shift. In particular, the total symmetric normal mode A is the most modified one, its frequency shifts from $389 cm À1 at 0 GPa to $506 cm À1 at 12.5 GPa as its intensity is tripled. All these features can be interpreted as a tendency toward a structural rearrangement in order to minimize the stress induced by the applied pressure. This same behavior was also observed experimentally by Decremps and colleagues for both spectra [25, 62] . As additional analysis, the static and optical dielectric constants were evaluated through a coupled-perturbed Hartree-Fock/KohnSham (CPHF) scheme [63] adapted to periodic systems [64] . The effect of pressure on dielectric constants are show in Table 5 and compared with the experimental [55] and theoretical [17] values. At 0.0 GPa, the static dielectric constants are in good agreement with experimental and theoretical works, increasing 6.50% and 0.96% to the parallel and orthogonal with respect to the c axis, respectively, and the optical dielectric constants increase 2.48% and 1.39%, respectively. Therefore, the static parallel dielectric constant is the most modified by the pressure.
Conclusion
The influence of pressure on W-ZnO structural and electronic properties was investigated through DFT/B3LYP calculations. Lattice parameters, volume, elastic constants, energy band gap and IR and Raman features at 0 GPa are in good agreement with literature experimental data.
Several interesting features appear as the pressure is applied. The c/a ration is kept although the crystal is more deformed along the c than a direction. The crystal increases its rigidity; as seen in the bulk modulus evaluation, in particular along the z-direction.
Direct and converse piezoelectric responses are intensifying by the pressure: the direct piezoelectric response along the z-direction has a maximum when the strain is applied in the same direction, while the major converse piezoelectric response occurs when the electric field is applied along yz yielding a strain in the same direction.
On the contrary, band gap and band structure are almost unaffected. As a general conclusion it can be stated that the increase of pressure leads to a more rigid structure, with a major piezoelectric response along to the most rigid direction, z.
Finally, both the IR and Raman spectra show significant shift in their major peaks and changes in the relative intensities, phenomena that can be correlated with the initial state of a phase transition.
According to this analysis, zinc oxide can be applied in many electronic and piezoelectric devices, and can support high pressure without changing its electronic and structural properties.
